The earliest steps in nascent protein maturation greatly affect its overall efficiency. Constraints placed on maturing proteins at these early stages limit available conformations and help to direct the native maturation process. For type II membrane proteins, these cotranslational constraints include N-and C-terminal membrane tethering, chaperone binding, and disulfide bond formation. The cotranslational maturation process for the type II membrane glycoprotein influenza neuraminidase (NA) was investigated to provide a deeper understanding of these initial endoplasmic reticulum events. The type II orientation provides experimental advantages to monitor the first maturation steps. Calnexin was shown to cotranslationally interact with NA prior to calreticulin. These interactions were required for the efficient maturation of NA as it prematurely formed intramolecular disulfides and aggregated when calnexin and calreticulin interactions were abolished. Lectin chaperone binding slowed the NA maturation process, increasing its fidelity. Carbohydrates were required for NA maturation in a regiospecific manner. A subset of NA formed intermolecular disulfides and oligomerized cotranslationally. This fraction increased in the absence of calnexin and calreticulin binding. NA dimerization also occurred for an NA mutant lacking the critical large loop disulfide bond, indicating that dimerization did not require proper NA oxidation. The strict evaluation of proper maturation carried out by the quality control machinery was instilled at the tetramerization step. This study illustrates the type II membrane protein maturation process and shows how important cotranslational events contribute to the proper cellular maturation of glycoproteins.
can fold vectorially with the N-terminal region folding prior to completion of the synthesis of its C terminus. Coupling protein folding and synthesis tapers the possible ensemble of the available folding intermediates during progression to the native state, thereby minimizing nonproductive options, which helps to increase the overall fidelity of the folding reaction (3) . Additionally, cotranslational folding ensures that the vulnerable nascent chain initially resides in a controlled environment optimized for proper folding (4, 5) .
For proteins that traverse the secretory pathway, translation is linked to translocation producing a cotranslational and cotranslocational process that supports folding upon entrance into the endoplasmic reticulum (ER) 4 lumen through the Sec61 translocon. The translocon and its associated proteins provide a privileged folding environment that favors proper maturation and limits interchain aggregation (6 -9) . Understanding cotranslational protein maturation and the organization of the ER translocon folding environment is of fundamental biological concern.
Nascent proteins can start to fold or form disulfide bonds as soon as the completed domain or Cys residues are translocated into the oxidizing environment of the ER lumen (1, 10) . The ER houses various molecular chaperones, foldases, folding sensors, and covalent modifiers that assist with the proper folding and assembly of nascent proteins (11) (12) (13) (14) . It also provides a quality control system that permits properly folded and completely assembled proteins to exit the ER for trafficking to the Golgi (12, 15) . Proteins that fail to reach their native state are generally retained in the ER and eventually degraded through the ER-associated protein degradation pathway (16) .
The vast majority of proteins that traverse the secretory pathway are glycosylated. N-linked glycans are cotranslationally added when the consensus glycosylation site (Asn-X-Ser/ Thr) resides ϳ12-14 amino acids away from the translocon (17) . The bulky, hydrophilic, and flexible N-linked glycans act as maturation and quality control tags that mediate interactions with molecular chaperones or quality control sorting receptors (13, 18 -20) . In the ER, the carbohydrate-binding molecular chaperones calnexin (CNX) and calreticulin (CRT) assist glycoproteins with maturation. They recognize monoglucosylated N-linked carbohydrates (Glc 1 Man x GlcNAc 2 ) (21-23), which are rapidly generated through sequential trimming of trigluco-sylated species (Glc 3 Man 9 GlcNAc 2 ) by the ER glucosidases I and II. Lectin chaperone binding persists until glucosidase II trims the final glucose. The unbound substrate is then free to fold and assemble to its native state (23, 24) . Proteins with nonnative or immature conformations are reglucosylated by the UDP-glucose:glycoprotein glucosyltransferase (GT1) to re-enter the CNX binding cycle (25) (26) (27) . Therefore, glucosidase II and GT1 act antagonistically to support retention of immature, misfolded, or unassembled proteins in the CNX cycle and the ER (18, 28) .
Viral proteins have been used as model substrates to advance our general knowledge of cellular protein maturation because they utilize the host cellular machinery for their maturation and are expressed at high levels in infected cells (29, 30) . Little is known about the early maturation steps for type II membrane proteins. Initially, they are dually constrained by the N-terminal hydrophobic transmembrane segment that tethers the polypeptide to the membrane and the C-terminal attachment to the ribosome and translocon. The type II orientation provides technical advantages for live cell cotranslational protein maturation studies, which support the ability to monitor these critical early events in detail.
Influenza neuraminidase (NA) is a type II membrane glycoprotein. The structure of the enzymatically active head domain for the avian NA subtype 9 has been solved (31). N9 NA contains seven N-linked carbohydrates, nine intramolecular disulfide bonds, and two additional Cys residues that might be involved in intermolecular linkages. In this study, we investigated the molecular chaperone-assisted cotranslational folding and maturation processes of NA, uncovering critical early steps in the maturation process for a type II membrane protein.
EXPERIMENTAL PROCEDURES
Reagents-The T7 transcription kit was obtained from Ambion (Austin, TX). Reagents for cell-free translation (Flexi rabbit reticulocyte lysate, DTT, RNasin) were from Promega Corp. (Madison, WI). EasyTag [ 35 S]Met/Cys was from PerkinElmer Life Sciences. Tissue culture and transfection reagents are as follows. Minimum essential alpha medium, fetal bovine serum, Lipofectamine 2000, Dulbecco's modified Eagle's medium, and Opti-MEM were from Invitrogen (Carlsbad, CA). Protein A-Sepharose and G-Sepharose were from Amersham Biosciences. NA and CRT antiserum were from Dr. G. M. Air (Oklahoma City, OK) and Affinity Bioreagents (Golden, CO), respectively. Anti-CNX antibodies were described previously (32) . All other reagents were from Sigma-Aldrich.
Construction of His-tagged NA and Site-directed Mutagenesis-The cDNA encoding wild type N9 subtype NA (NA WT) of the influenza virus A/tern/Australia/G70C/75 in the plasmid pBluescript KSϩ was from Dr. G. Laver (Canberra, Australia). Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). For affinity purification of full-length and nascent chain NA peptides, a His 8 tag was added to the N terminus to generate NA WT*. Site-directed mutagenesis using pBluescript-NA WT* as the template was used to generate the following mutants: C41S*, C43S*, C41/43S*, C93/419S*, and to generate the glycosylation site mutations S44A*, S54A*, T65A*, T68A*, T89A*, T149A*, S204A*, ⌬stem glycan*, ⌬head glycan*, and glycan null*.
Translations-NA WT* and single glycan mutants* in pBluescript were linearized by digestion with KpnI, and the C terminus truncations were created by digestion with BsaI, BstZ17I, BglII, and EcoRI. The digestion products were in vitro transcribed and translated in the presence of [ 35 S] Met/Cys and translocated for 1 h at 27°C into rough ER microsomes or semipermeabilized Chinese hamster ovary (CHO) cells, as described previously (32, 33) .
Transfection of CHO Cells and Metabolic Labeling-CHO cells were infected with recombinant vaccinia virus expressing T7 RNA polymerase (34) . Following infection and 4 h of transient transfection, CHO cells were washed twice with phosphate-buffered saline (PBS) (137 mM NaCl, 4.3 mM Na 2 HPO 4 , 2.7 mM KCl, 1.4 mM KH 2 PO 4 ) and starved in Dulbecco's modified Eagle's medium lacking Cys and Met, with or without 1 mM N-butyldeoxynojirimycin (DNJ). 5 g/ml of tunicamycin was added 3 h after infection as indicated. Cells were pulsed with 220 Ci of [ 35 S] Met/Cys, and 5 mM DTT was used for reducing pulse experiments when indicated. After pulse/chase, cells were washed twice with ice-cold PBS/20 mM N-ethylmaleimide and incubated for 10 min on ice with PBS/20 mM N-ethylmaleimide/1 mM phenylmethylsulfonyl fluoride. Cells were then scraped, pelleted in a microcentrifuge at 4,000 rpm for 5 min in 4°C, and lysed in 1% Nonidet-P40, 20 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl fluoride, 10 ng/l leupeptin, and 10 ng/l pepstatin, 50 mM imidazole in PBS for nickelSepharose purification. Immunoprecipitations were performed as described previously (7, 32) . Co-immunoprecipitants were eluted by heating to 95°C for 5 min in 100 l of 1% SDS, 100 mM Tris, pH 7.4, cooled to room temperature. Samples were subsequently diluted with freshly made 2% Triton X-100, 50 mM Tris, pH 7.4, and 250 mM NaCl, incubated at room temperature for 10 min, and centrifuged for 15 min at 14,000 rpm at 4°C. Affinity purification by nickel chelation was performed according to the manufacturer's instructions. Glycosidase digestion was performed as described previously (23) .
Two-dimensional SDS-PAGE-Tube Gel Adaptor Kit SE 220 from Hoefer Pharmacia Biotech, Inc. (San Francisco, CA) was used for casting of 4% acrylamide stacking and 7.5%/11% acrylamide-resolving tube gels; discontinuous SDS-PAGE was performed under nonreducing conditions. Following electrophoresis, the tube gels were extruded and heated for 5 min at 95°C in sample buffer with 100 mM DTT, layered onto 1.5-mmthick minigels, and subjected to a second dimension of 7.5/11% SDS-PAGE, as indicated. Signal was visualized by phosphorimaging (FLA-500; Fuji). Data were analyzed and quantified using Multi-Gauge V. 2.02 (Fuji).
RESULTS

Intermolecular Disulfide Bonds Link NA Dimers and
Tetramers-Cotranslational studies require a method to equally isolate the shortest translation intermediates and longer or full-length nascent chains. Polyclonal antibodies raised against purified proteins generally favor the isolation of longer chains because they often recognize more epitopes on the lon-ger chains when compared with shorter nascent chains. The employment of antibodies that solely recognize an N-terminal epitope is complicated by the fact that most secretory cargoes contain cleavable N-terminal targeting sequences. An antibody generated against the mature N-terminal amino acids, in the case of influenza hemagglutinin, only recognized the substrate after signal sequence cleavage (7) . The employment of a class II membrane protein with a noncleavable N-terminal signal sequence as a model maturation substrate circumvents these problems. The N-terminal six amino acids of NA subtype N9 reside in the cytoplasm, and therefore, are unlikely to contribute to the proper folding of the ectodomain of the protein within the ER lumen (Fig. 1A ) (for review, see Ref. 35 ). To create a method for efficient isolation of the shortest translation and maturation intermediates, the four N-terminal cytosolic amino acids that follow the initiating Met were exchanged for a polyHis affinity tag.
To determine whether the N-terminal tag altered NA maturation, the oxidation and oligomerization of wild type NA (WT) or poly-His-NA (WT*) were monitored in CHO cells. These cells were transfected with NA WT or WT* and pulse-labeled with [ 35 S]Met/Cys for 30 min before alkylation with N-ethylmaleimide to block free thiol reactive groups. WT NA was immunoprecipitated with NA antisera, whereas WT* was affinity-purified with Ni-NTA agarose. 35 S-labeled NA was then analyzed by nonreducing and reducing SDS-PAGE and autoradiography.
Three bands were observed by nonreducing SDS-PAGE with WT NA (Fig. 1B, lane 1) . The fastest migrating band of ϳ60 kDa corresponded to NA monomer. This nonreduced band migrated slightly faster than the reduced protein (Fig. 1B , lane 6), suggestive of the oxidized sample containing intramolecular disulfides that created a more compact structure (36) . Two additional bands migrated at ϳ120 and ϳ240 kDa. These bands were both reduced by the addition of the reducing agent dithiothreitol (DTT; Fig. 1B , lane 6), suggesting that they are homodimers (denoted as D) and homotetramers (designated as T). Equivalent results were obtained for WT*-NA (Fig. 1B , lanes 2 and 7), indicating that the alteration of the NA N terminus did not appear to affect its maturation. The role of the stem domain Cys residues 41 and 43 in supporting intermolecular interactions was investigated by mutating them to Ser. When the Cys were mutated individually (Fig. 1B, lanes 3 and 4) , NA formed monomers and dimers. However, when both Cys were altered (C41/43S*; Fig. 1B , lanes 5 and 10), no covalent oligomers were detected. The monomeric band, however, migrated with identical mobility to WT* upon nonreducing SDS-PAGE, indicating intramolecular disulfide pairing. In summary, NA of subtype N9 forms intramolecular and intermolecular disulfides. The stem domain residues Cys-41 and Cys-43 support the formation of covalent dimers and tetramers.
Cotranslational Oxidation Increases the Maturation Efficiency of NA-To address the necessity for maturation to commence cotranslationally, the oxidation of NA initiated cotranslationally was compared with post-translational initiation. Post-translational oxidation requires that the protein be synthesized under reducing conditions during the radioactive pulse and subsequently chased for various times under oxidizing conditions. The oxidizing environment of the ER can be rapidly re-established after DTT removal (36) . The NA maturation efficiency under co-or post-translational disulfide bondforming conditions was compared by quantifying the efficiency of oligomerization, including the relative amounts of dimer and tetramer, and trafficking to the Golgi using an endoglycosidase H (Endo H) sensitivity assay (Fig. 2) .
NA was able to form oligomers under both cotranslational and post-translational oxidizing conditions. However, the efficiency of oligomerization was greatly diminished when oxidation was initiated post-translationally. Cotranslational oxidation conditions supported a peak oligomerization level of 65% after 120 min ( Fig. 2A, lanes 1-10, and 2B ). Maximal oligomerization with post-translational oxidation was approximately half that observed for cotranslational oxidation ( Fig. 2A, lanes  11-20, and 2B ). Also, a large fraction of the oligomers formed under post-translational oxidation conditions were ER-export deficient, as indicated by the persistent Endo H sensitivity observed after 120 min of chase ( Fig. 2A, right panel, and 2C ). In contrast, NA oxidized under cotranslational conditions was transported to the Golgi in a time-dependent manner, increasing to a maximum level of 55% after 120 min ( Fig. 2A, lanes  1-10, and 2C) . Interestingly, both the dimer and the tetramer were export-competent, indicating that intermolecular disulfide-linked tetramerization is not required for NA export. Together, these results show that cotranslational oxidation provides a more efficient mechanism for NA maturation.
Head Domain Glycans Are Required for NA Maturation-Nlinked glycans play key roles in the maturation of glycoproteins (13, 19, 20) . NA has four consensus sites for glycosylation in its stem domain (Asn-42, -52, -63, and -66) and three in its head domain (Asn-87, -147, and -202) (Fig. 1A) . To determine which N-linked glycosylation sites on NA were utilized, a panel of NA point mutants was constructed with Ser or Thr mutated to Ala within the individual glycosylation consensus sequence. The mutants were in vitro translated in the presence of ER-derived microsomes and glucosidase (N-butyl deoxynojirimycin, DNJ) and mannosidase (deoxymannojirimycin) inhibitors to remove any heterogeneity in protein mobility created by glycan trimming (23, 37) .
All seven single site mutants migrated ϳ3 kDa faster upon reducing SDS-PAGE, indicative of the absence of the corresponding glycan (Fig. 3A, lanes 1-8) . The slower rate of in vitro translation can allow for prolonged exposure of the nascent protein to the ER translocon, increasing occupancy efficiency of suboptimal N-linked glycosylation sites (33) . However, similar results were also obtained when the NA glycosylation mutants were expressed in live cells (Fig. 3A, lanes 9 -16) , demonstrating that all seven glycosylation sites of NA are efficiently occupied.
Some glycoproteins can undergo improper folding, misassembly, intracellular retention, and degradation if glycosylation is inhibited, whereas for others, glycosylation is dispensable or only a subset of the glycosylation sites are essential (20) . To evaluate the necessity of NA glycans for proper maturation, a chemical inhibitor of glycosylation (tunicamycin) and additional NA mutants were utilized. NA was radiolabeled for 5 min and then chased for various times. WT* NA initially migrated predominantly as a monomeric protein (Fig. 3B, lane 1) ; mobility increased with time, indicative of glycan trimming because the mobility difference persisted upon reducing SDS-PAGE (Fig. 3B, lanes 1-3) . The level of NA oligomerization also increased with time. In sharp contrast, when glycosylation was inhibited by tunicamycin treatment, most of the protein was found in high molecular weight intermolecularly cross-linked aggregates at the top of the gel under nonreducing conditions (Fig. 3B, lanes 4 -6) . The monomeric protein migrated ϳ15 kDa faster by reducing SDS-PAGE, indicative of the absence of all seven glycans.
Tunicamycin abolishes the transfer of N-linked glycans to all glycoproteins. This activates an ER stress response due to accumulation of unfolded proteins, which can disrupt the activity of the ER (38) . To ensure that the requirement for NA glycans was a direct effect, the maturation of mutant NA missing all seven glycosylation sites was analyzed (Fig. 3B , lanes 7-9; glycan null*). Equivalent results were obtained with glycan null* and WT* plus tunicamycin. Glycan null* NA was predominantly found in large intermolecularly linked aggregates. Therefore, NA glycosylation is essential for its proper maturation in the ER.
Next we asked, which glycans are essential for proper NA folding and maturation? To address this question, the maturation of NA single glycan mutants was analyzed (Fig. 3C) . All mutants expressed in CHO cells were able to form dimers and tetramers with similar efficiencies to wild type NA, demonstrating that no individual glycan was required for NA maturation.
To determine whether glycan clusters were required for NA maturation, mutants lacking either stem domain glycans (Asn-42, -52, -63, -66; ⌬stem glycan*) or head domain glycans (Asn-87, -147, -202; ⌬head glycan*) were expressed in CHO cells (Fig.  3D ). Interestingly, NA was able to efficiently oligomerize without the four stem domain glycans, but the majority of NA lacking its three head domain glycans was found in intermolecularly linked aggregates at the top of the nonreducing gel. These results demonstrated that the head domain glycans were required for the proper maturation of NA but that the stem domain glycans were dispensable.
Temporal CNX and CRT Binding and NA OligomerizationThe lectin chaperones CNX and CRT can promote protein folding, oligomeric assembly, and quality control in the ER through their recognition of monoglucosylated N-linked glycans on maturing substrates (21) (22) (23) (24) 39) . To analyze binding of CNX and CRT to NA, CHO cells were radiolabeled with [ 35 S]Met/Cys for 5 min and then chased for various times. NA was directly isolated with Ni-NTA agarose or co-immunoprecipitated with either CNX or CRT antisera prior to affinity purification.
Both CNX and CRT transiently bound monomeric NA with a half-time of ϳ7.5 min (Fig. 4, lanes 13-18 and 25-30 ). This binding required glucose trimming because the addition of the glucosidase inhibitor DNJ greatly diminished CNX and CRT interactions (Fig. 4, lanes 19 -24 and 31-36 ). In the presence of DNJ, NA displayed a decreased mobility, indicating inhibition of glucose trimming. NA oligomerized in a time-dependent manner with increasing levels of both dimers and tetramers observed with time (Fig. 4, lanes 1-6) . Interestingly, a significant amount of NA dimers (38%) was observed immediately after the 5-min radioactive pulse, demonstrating rapid NA oligomerization (Fig. 4, lane 1) . Dimerization reached 50% after 30 min of chase. NA also dimerized in the absence of CNX and CRT binding (ϩDNJ); however, no time-dependent dimerization increase was observed. The initial dimer level (25%) that accumulated immediately after the radioactive pulse persisted during the 1-h chase. These results indicated that CNX and CRT transiently interact with NA in a glucosidase-dependent manner, promoting its efficient maturation and oligomerization.
CNX and CRT Sequentially Interact with NA Cotranslationally-NA appears to mature extensively cotranslationally, which evidently contributes to its efficient proper maturation (Figs. 2 and 4) . The lectin chaperones CNX and CRT can bind nascent chains cotranslationally and cotranslocationally to protect them from deleterious associations (1, 6, 7, 32, 37, 40) . In vitro translated nascent chains lacking a C-terminal stop codon remain trapped on ribosomes and translocons when synthesized in the presence of ER membranes, providing a powerful method to simulate the cotranslational process (7, 32, 44) .
This experimental system has been used to study the cotranslational maturation of type I membrane proteins (hemagglutinin and tyrosinase), a polytopic membrane protein (cystic fibrosis transmembrane conductance regulator, CFTR), and a soluble protein (factor V) (7, 32, 41) . Studies using ribosomearrested nascent chains show that CNX associates with shorter length proteins than CRT, suggesting that CNX is the first lectin chaperone an emerging nascent chain encounters in the ER lumen (7, 32) .
To determine the chaperone binding profile for a type II membrane protein, C-terminal NA truncations of increasing size were in vitro translated in semipermeabilized CHO cells and examined for association with CNX and CRT by co-immunoprecipitation (Fig. 5A) . CNX binding was observed for the shortest NA construct (158-mer), possessing four N-linked glycans (Fig. 5A, lane 3) . CRT binding was first detected with the 266-mer bearing six glycans (Fig. 5A, lane 12) . Once interactions with the chaperones were observed, they persisted with all 12) and CNX/CRT interactions were detected by immunoprecipitation with anti-CNX or CRT antisera followed by Ni-NTA affinity purification (lanes 13-24, lanes [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Samples were displayed on 6% nonreducing (NR) and reducing (RD) SDS-PAGE followed by autoradiography. The monomer (M), dimer (D), and tetramer (T) are indicated.
longer constructs including the full-length ribosome and translocon-released protein.
In live mammalian cells, NA is estimated to be synthesized in ϳ2 min (5 amino acids/s) (33, 42) . To test whether NA is bound by CNX and CRT cotranslationally in living cells, NA was radiolabeled using a brief 1-min radioactive pulse, and interactions with CNX and CRT were probed by sequential purification with CNX or CRT antisera followed by isolation with Ni-NTA agarose. Samples were resolved by two-dimensional nonreducing and reducing SDS-PAGE, which provides a more efficient technique for resolving nascent chains (diagonal electrophoresis) (1). Disulfide bond formation can also be monitored by diagonal electrophoresis. Intermolecular disulfides are localized above the main diagonal on the gel, proteins possessing large intramolecular disulfides can be found below the diagonal, and proteins lacking disulfides are found directly on the diagonal. Nascent NA purified with Ni-NTA-agarose was located along the diagonal with increasing intensity as the chains approached full length (Fig. 5B, left panel, see FL) . CNX and CRT bound to these elongating NA nascent chains, indicative of their cotranslational association with NA (Fig. 5B, middle and right panels) . The diagonal smear corresponding to cotranslational interactions between CNX and NA extended longer than the diagonal smear for CRT, suggesting an earlier interaction with CNX. These results demonstrated that NA nascent chains cotranslationally interact with CNX and CRT both in live and in semipermeabilized cells, engaging the membrane protein CNX prior to the soluble CRT.
NA Oligomerization Commences Cotranslationally-Oligomeric proteins are thought to achieve their native structure after the monomers have properly folded (12) . The rapid oligomerization of NA observed during the 5-min radioactive pulse period (Fig. 4, lane 1) suggested that extensive maturation may occur cotranslationally. To test this hypothesis, diagonal electrophoresis was employed to analyze NA oxidation after a 1-min radioactive pulse.
The majority of the radiolabeled protein was observed along the diagonal, culminating in full-length monomeric NA at the center of the gel (Fig. 6, left panel) . This region corresponded to monomeric elongating chains lacking discernable intramolecular or intermolecular disulfide bonds. A weaker signal that migrated at the size of full-length dimeric NA was also observed at the top of the gel. A faint spur was visible leading up to this spot, demonstrating that a subset of NA formed dimers cotranslationally.
CNX and CRT binding slow the folding and oligomerization of maturing substrates (24); trapping full-length proteins on these chaperones by post-translational treatment with glucosidase inhibitors blocks their oxidation. The effect of inhibiting binding to CNX and CRT on NA oligomerization was analyzed by pretreatment of cells with DNJ. The dimer spur in DNJtreated cells was more pronounced and extended farther than the spur observed in the absence of DNJ (Fig. 6, right panel) , indicating that nascent chains with triglucosylated glycoforms dimerized earlier than those permitted to bind the lectin chaperones. Additionally, aggregates were observed at the top of the gel, suggesting that disrupting lectin chaperone interactions also increased aggregation. DNJ treatment also supported the formation of a doublet on the central diagonal, likely indicating premature formation of intramolecular disulfides. Together, these results demonstrate that CNX and CRT binding slow the intramolecular and intermolecular oxidation of NA, allowing for more efficient maturation overall.
NA Oligomerization Does Not Require Completed Oxidation of Monomers-The cotranslational dimerization of NA was unexpected because NA contains a large intramolecular disulfide loop (Cys-93-Cys-419) that links the N-and C-terminal regions of the 470-amino-acid protein (43) . During synthesis, ϳ60 amino acids reside in the ribosome and translocon tunnels; therefore, Cys-419 must emerge into the ER post-translationally after the C terminus has been released from the ribosome (44) . If NA oligomerization begins cotranslationally, this step must have occurred prior to stabilization of the monomeric structure by large loop disulfide formation. To explore the necessity of monomer stabilization prior to oligomerization, the chaperone binding properties and oligomerization of an NA mutant lacking the large loop Cys residues (Cys-93-Cys-419), termed C93/419S* were analyzed. Surprisingly, NA C93/419S* formed dimers immediately after a 5-min radioactive pulse (Fig. 7, lane 1) , as observed previously with NA WT*, indicating that dimers could form before the completion of monomer oxidation. However, dimerization did not increase with time, and tetramers were not observed. CNX and CRT associated with NA C93/419S* for prolonged periods (binding half-times of ϳ14 min for CNX and ϳ17 min for CRT) (Fig. 7, lanes 7-18) . CRT but not CNX persistently bound to NA C93/419S* dimers. The differential binding of CNX and CRT to the NA C93/419S* indicated that these lectin chaperones may serve different roles in NA maturation.
CNX and CRT retain misfolded proteins in the ER through their persistent binding of aberrant proteins or unassembled subunits (45) . Because the CNX/CRT binding cycle is controlled by reglucosylation of high mannose side chains by GT1, the glycan status of NA WT* and NA C93/419S* was analyzed using a jack bean ␣-mannosidase (JBM) assay. This exomannosidase only cleaves mannoses on sugar branches that do not contain terminal glucose residues (Fig. 8A) (22, 23) . JBM digestion therefore produces an accentuated mobility shift in nonglucosylated proteins (Fig. 8A, right-most structure) when compared with glucosylated proteins (Fig. 8A , the three structures on the left), providing a method to monitor the glucosylation state of a substrate.
NA WT* and NA C93/419S* were subjected to 5-min labeling and 30-min chase followed by Ni-NTA agarose purification and JBM digestion. Both NA WT* and C93/419S* showed timedependent mobility shifts after 30 min of chase without JBM digestion, corresponding to glycan trimming. After digestion, a larger shift was observed for the NA WT* than for the mutant NA, indicating that NA C93/419S* harbored more monoglucosylated glycans. In summary, NA C93/419S* could form dimers but not tetramers, and persisting in a monoglucosylated state supported prolonged binding by CNX and CRT. 1-6) or after initial immunoprecipitation with anti-CNX or -CRT antisera (lanes 7-18). NA was resolved by 7.5% nonreducing (NR) and reducing (RD) SDS-PAGE followed by autoradiography. Monomers (M) and dimers (D) are indicated. 
DISCUSSION
We have investigated the poorly understood cotranslational folding and maturation processes for type II membrane proteins using influenza A NA as a model substrate. Carbohydrates were required for proper NA maturation in a regio-specific manner. The three head domain glycans were found to be essential for reaching the native state, whereas the four-stem domain glycans were dispensable. The efficient maturation of NA required assistance from lectin chaperones CNX and CRT that were cotranslationally and cotranslocationally recruited by N-linked glycans on NA. The lectin chaperones increase the fidelity of NA maturation by slowing overall maturation. Unexpectedly, the formation of disulfide-linked homodimers began cotranslationally demonstrating that oligomerization through the N-terminal stem domain does not require completion of the folding process. N9 NA post-translationally formed covalent homotetramers, and unlike the dimerization process, tetramerization appeared to involve a strict quality control test. Together, this study provides a detailed understanding of the type II membrane protein maturation process.
We have previously hypothesized that glycans localized in four orientations relative to Cys can assist the folding reaction (7). These include: 1) near an N-terminal Cys in a large loop disulfide that requires protection until its C-terminal partner Cys emerges; 2) proximal to an orphan Cys in a protein with multiple disulfide bonds (for protection from forming aberrant disulfides); 3) local to a Cys of an intermolecular disulfide; and 4) recruitment of ERp57 to a domain to catalyze disulfide bond formation. NA was chosen as a model protein, in part because it appeared to possess glycans located in all four of these proposed regions. Asn-87 provides a glycosylation site located nearby the N-terminal Cys (Cys-93) of the large loop disulfide bond (Cys-93-419). The two Cys in the stem region (Cys-41 and Cys-43) are the only Cys not involved in intramolecular disulfides. Previous studies suggested that one of these stem Cys residues supported covalent homodimerization, whereas the other was expected to remain unpaired (46) . However, we determined that both stem domain Cys were involved in intermolecular disulfide bonds. Intriguingly, a glycan on NA is located immediately between these proximal Cys residues at Asn-42, with an additional three-glycan cluster found C-terminal to this region. Finally, most of the glycans are localized near disulfides and could therefore recruit ERp57 for oxidation.
Although no single glycan was essential for NA maturation, glycans were required for proper NA maturation. The highly conserved head domain glycans were more critical to the overall folding and oligomerization of NA than the stem domain glycans. Glycans and their subsequent trimming support the sequential binding of CNX followed by CRT (7, 32) . The lectin chaperones first interact with NA cotranslationally and continue to associate with the full-length chain post-translationally. Inhibition of CNX and CRT binding disrupted proper cotranslational oxidation and oligomerization as intramolecular disulfides were found to occur prematurely, leading to the formation of intermolecular-linked aggregates of NA.
NA homo-oligomerization is mediated through N-terminal stem domain interactions. As chaperone binding can sterically hinder oligomerization, the rapid dimerization of NA suggests that the stem domain glycans were short term substrates of CNX and CRT. Therefore, it would follow that the stem domain glycans are not efficiently reglucosylated by GT1. This supports rapid chaperone release and the early formation of intermolecular disulfide linkages between N-terminal stem domain Cys residues. Studies using purified proteins have shown that GT1 preferentially reglucosylates non-native glycoproteins with hydrophobic amino acids exposed on their surface, a hallmark of folding intermediates or aberrantly folded proteins (25, 47, 48) . The stem domain is predominantly hydrophilic, containing four carbohydrate consensus sites; therefore, these glycans are expected to be a poor substrate for reglucosylation (supplemental Fig. 1) (49) . In contrast, all three head domain glycans are located proximal to hydrophobic patches, properties expected of glycans recognized by GT1, which would support prolonged CNX and/or CRT binding.
These results support an expanded model for glycan positioning controlling the molecular choreography of nascent chains. In the case of NA, the clustering of four glycans combined with the overall hydrophilicity of the polypeptide chain in the membrane proximal stem region dictates transient cotranslational tethering by lectin chaperones and controlled covalent oligomerization. Post-translational chaperone association mediated by GT1 reglucosylation is disfavored due to the lack of exposed hydrophobicity in this area. This glycan positioning thereby supports transient chaperone binding and dimerization prior to the achievement of native conformations. Therefore, we amend the hypothesis regarding the positioning of glycans near critical cysteines to include a subcategory whereby the grouping of glycans in a hydrophilic area precludes post-translational lectin chaperone binding, emphasizing the critical nature of cotranslational associations in these locales.
Slight levels of NA dimers appeared cotranslationally, with the extent of cotranslational dimerization drastically increasing when lectin chaperone binding was inhibited. NA dimerization involves the N-terminal region of NA and does not require proper folding of the complete protein. In some cases, dimerization occurred before the C terminus was synthesized and did not require formation of the large disulfide loop that closes off the head domain. The early formation of covalent dimers did not appear to require a strict quality control evaluation; rather, this test appeared to be deployed at the tetramer formation stage.
Nascent protein oligomerization has been observed for several proteins using cell-free systems. The T1 domain of voltage-gated potassium (Kv) channel, reovirus cell attachment protein s1, and the Rel homology domain of NF-B1 p50 transcription factor can form oligomers, whereas the proteins are still attached to the ribosome (50 -52) . These conclusions were achieved using in vitro translated ribosome-arrested chains, which compromises the kinetics of the protein folding and maturation reactions. In this study, the application of a viral expression system and short radiolabeling period enabled us to detect cotranslational dimerization under cellular conditions.
Oligomerization is a concentration-dependent reaction; therefore, the high concentration of proteins reached during infection could favor early intermolecular interactions. Cotranslational assembly has been observed previously for viral polyproteins from hepatitis C and the alphaviruses Sindbis and Semliki Forest (30) . Polypeptides from these viruses are cleaved to multiple proteins in the ER lumen. They form heterodimers shortly after entering the ER lumen. These hetero-oligomers are thought to be formed by proteins translocating through a single translocon, resulting in their colocalization with high apparent concentration supporting assembly. This mechanism of assembly is different from that observed for NA homodimerization because NA assembly involves nascent chains that might be the product of the same polysome but likely different ribosometranslocon complexes. This demonstrates that the fulllength pool of NA is close enough spatially to the nascent chains to initiate assembly cotranslationally, especially if interactions with the lectin chaperones are inhibited.
The Levinthal paradox demonstrates that protein folding is not a random walk because there is not sufficient time to sample all possible conformations available for a given protein to reach its native state (53) . Commencing the maturation program for a protein cotranslationally places temporal and spatial constraints on the maturing protein, providing important physical restrictions that can support a more direct route to the native state. N-linked glycans play critical roles in this process.
Viral proteins have evolved mechanisms to mature with optimal efficiencies when expressed at high levels during viral infection. Aberrant protein maturation could inhibit the infection process because it supports antigen production through proteasomal degradation and subsequent activation of the immune response. Viral immunoevasion strategies appear to include the positioning of glycans in locations that help to direct the folding and assembly processes and mask immunogenic epitopes (37, 54) .
Membrane glycoproteins of enveloped viruses are essential for viral pathogenesis. NA, a critical envelope glycoprotein of the influenza virus, acts as an exoglycosidase that cleaves the viral receptor sialic acid from surface glycoproteins, thereby facilitating virion release. Common flu therapies target NA (55) . Understanding the maturation of viral proteins provides insight into the general pathways for protein maturation and could lead to additional strategies for infection prevention and control.
